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1.0 OVERVIEW AND DEFINITIONS 



We have acquired evidence that indicates the magnitude of the net charge, and more 
specifically the mass-to-charge ratio of a nucleation vessel affects the nucleation of a dissolved solid. 
The vessel may be a droplet with net charge, though in general, it could be any medium in which there 
is a net charge. Those droplets were created and levitated in an electrodynamic balance (EDB) at 
atmospheric pressure in our laboratory using existing technology, and it is within the levitated droplets 
that we have observed a charge-induced nucleation phenomenon that results in the generation of nuclei 
of a dissolved solid, versus aggregates, when the mass-to-charge ratio of the nucleation vessel is 
decreased. [1] This suggests that the mass-to-charge of the nucleation medium affects the magnitude of 
the barrier for a dissolved solid to nucleate. However, it is important to recognize that our 
methodology restricted our determination of whether or not nucleation took place only after the 
levitated droplet residues had been deposited onto a substrate. In droplets in which nucleation did not 
occur, either solute aggregation or no solute precipitation was observed, rather than nucleation. 

These experiments were made possible through the use of our previously disclosed apparatus 
for droplet generation, levitation, and deposition. [1] In addition, the further development of that 
technology and our expertise regarding its use, has allowed us to measure the mass-to-charge ratio of 
levitated droplets in which nucleation did or did not occur. 

Definition of terms used in this document : 

Starting solution This refers to a solution whose composition is known, and easily replicated. 
An aliquot of the starting solution was delivered to the droplet-on-demand ink-jet style droplet 
generator. 

Initial Droplet Using the droplet generator loaded with ~2 \\L of a starting solution, a quantity 
of that solution (typically - 100 - 400 picoliters) was ejected from the nozzle on the droplet generator 
and that aliquot formed a droplet, which is referred to as the initial droplet. The initial droplet could be 
deposited onto a substrate directly, or injected into an EDB and levitated there for a period of time. 

Droplet Residue The solvent in all droplets evaporated, and for example, methanol or water 
solvent evaporated quickly leaving behind a residue of the original droplet. In that residue of the 
original droplet were the solvents of lower volatility and all non-volatile solutes. The droplet residue 
could be referred to as a levitated droplet residue, in which case it was suspended in air inside an 
electrodynamic balance (EDB), or that residue could be deposited onto a substrate remote from the 
EDB. (Note, Coulomb explosion, a process that causes a droplet with net charge to fragment was 
avoided in this work by the addition of a compound which had a high surface tension. Glycerol in the 
starting solution at -0.5 to 10% by volume was used in the majority of the starting solutions as a 
surface tension modifier. 

Nucleation The solids of a-cyano-4-hydroxycinnamic acid (CHCA) nuclei appear as 
transparent white solids with sharp edges when viewed using an optical microscope. Sample pictures 
of CHCA solids in deposited droplet residues taken with a CCD camera mounted on the trinocular head 
of the optical microscope are shown in Figure 1, but note that these droplet residues had been deposited 
on a glass slide. 

Aggregation Aggregates of CHCA appear as opaque globular solids when viewed through an 
optical microscope. 

Crystals Crystals of CHCA appear as clear solids when viewed using an optical microscope. 
Crystals of CHCA are grown on nuclei of CHCA, but not on aggregates of CHCA. 
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t,0 THE INVENTION 



This application is concerned with the nucleation of dissolved solids from solution. It has been 
Found that the energy barrier for dissolved solids to nucleate is affected by the mass-to-charge ratio of 
the nucleation volume. A reduction in the mass-to-charge ratio of the nucleation medium causes the 
barrier for nucleation to decrease. In nucleation media that are at low mass-to-charge, a large number 
of small nuclei are observed. In contrast, in nucleation media at relatively higher high mass-to-charge, 
when solids did form in those levitated droplets, aggregates were observed often, but nuclei were only 
seldom observed in the residues of those droplets. These observations suggest that nucleation media 
that have appropriate mass-to-charge promote the formation of nuclei, and possibly catalyze the 
nucleation. An example of the formation of a large crystal grown in a nucleation medium having a low 
relative mass-to-charge is provided. Additional experiments were performed in which the mass and net 
charge of nucleation media (i.e. droplets) were measured, and those results illustrate the capability to 
make droplets whose mass-to-charge ratio can be varied in a controlled manner. We anticipate that this 
solute induced nucleation phenomenon in vessel whose mass-to-charge ratio is within a certain range is 
likely to be general for all dissolved solids, ranging from inorganic compounds, to low and high 
molecular weight organic compounds, including proteins. 



3.0 INTRODUCTION TO SOLUTE NUCLEATION AND CRYSTAL GROWTH 

The formation of crystals from a solution consisting of one type of solute can be described in 
terms of the compounds phase diagram in the medium. The medium is defined by its chemical 
properties (such as concentration of and types of solvents, electrolyte, pH, buffers, impurities, and the 
solute(s) of interest) and physical properties (such as type of container, temperature, pressure, magnetic 
fields, electric fields, gravity). Provided the phase diagram is known, or can be established through 
experiment, crystals of a dissolved solid can in principle, be obtained. For example, the crystallization 
of inorganic compounds for which phase transitions and phase diagrams can be measured, theories of 
crystal nucleation and growth can and are applied successfiilly.[2-8] 

However, despite the development of solute nucleation and crystallization theory over a period 
of at least 100 hundred years, the simple fact that the formation of a macroscopic crystal of dimensions 
>1 jam requires the formation of nanoscopic nuclei is significantly more easy to understand than 
actually demonstrate. Stated differently, it is believed that nuclei on the scale of only a few nanometers 
form and disappear rapidly in the nucleation medium (/.e. an equilibrium process). A key step is to 
coax, through adjustment of the chemical and/or physical description of the nucleation medium, those 
nuclei to grow to a critical size such that they spontaneously grow. The degree of supersaturation of 
the solute is an important factor, and the solute concentration needed to cause nuclei to form and then 
grow into crystals is referred to as 'critical supersaturation*. Once the nuclei has formed, that nuclei 
must reach a critical size that is dependent on each solute, such that the solute will spontaneously 
precipitate onto the nuclei causing it to grow into a crystal rather than shrinking in size and ultimately 
disappearing. 

In light of this, it is then conceivable to envision why the theories of crystal growth do not 
necessarily help the experimentalist determine which conditions in the nucleation medium are 
necessary for nucleation and growth of crystals for compounds that have not previously been 
crystallized by experiment. Examples of such compounds include a newly isolated natural product or 
novel synthesized compounds (such as a new pharmaceutical compound or an analogue of it), or 
known compounds that have not yet yielded to crystallization attempts (such as soluble or integral- 
membrane proteins). The crystallization of novel pharmaceutical compounds is in fact regarded by 
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those who synthesize them as an empirical process that one becomes more and more proficient at 
through experience. 

These practical issues for solute crystallization have led to a large number of crystallization 
strategies that have led to an even larger number of experimental techniques and methods. An 
exhaustive review of nucleation and crystal growth has not been performed, but a directed review on 
solute nucleation and crystal growth in the presence of a charged entity has been performed, and that is 
summarized here. The rationale for such a focussed literature review is that recently made observations 
in the Agnes laboratory suggests that the number of nuclei formed is a function of the mass-to-charge 
ratio of the nucleation medium. Consequently, the literature review that follows included search 
parameters such as nucleation on charged surfaces, charged-induced nucleation, and levitated droplets 
which are commonly referred to as container-less and wall-less vessels. 

We had made prior measurements of the distribution of an organic dye cation (Rhodamine 6G) 
within NaCl that results when a droplet with net charge is allowed to dry while levitated. [9] From that 
work, we obtained a measure of the thickness of the surface layer that contains the net charge on a 
droplet with net charge. That data told us that droplets with net charge should be described as 
imperfect conducting spheres because the thickness of the surface layer was several micrometers in 
thickness which is much larger than the expected thickness of an electric double layer. This suggests 
that the surface volume is quite different in its chemical and physical description than the interior of the 
droplet with net charge. The charge induced nucleation phenomenon observed to vary with the mass- 
to-charge of the nucleation vessel may be as a result of the electric field at the interface between the 
surface and bulk-like interior volumes within these droplets, plus the fact that electrical neutrality is not 
maintained in these droplets with net charge. The presence of an electric field (ie. increased net charge, 
so reduced mass-to-charge ratio) appears to influence the magnitude thermodynamic barrier leading to 
nucleation of a solute. We believe that the electric field causes the alignment of molecular dipoles of 
the solutes in the droplet, and that effects a reduction in their internal energy. 



4.0 BACKGROUND LITERATURE ON NUCLEATION AND CRYSTAL GROWTH EST 
SELECTED MEDIA 

The literature from investigators that have been identified by us as being involved with studies 
of solute nucleation and crystallization in levitated droplets are summarized below, as is the literature 
on solute crystallization studies in other environments that are of potential relevance to this application. 
We have attempted to categorize the literature in this review into sub-groups with the intention of 
simplifying this diverse set of studies. No attempt was made to review nucleation, the general 
principles of which can be found textbooks and peer-reviewed journals whose focus is crystal growth 
and nucleation. 

Numerous investigators have studied organic compound nucleation and crystal growth in 
container-less (or wall-less) sample vessels levitated in a medium (typically air at atmospheric 
pressure). The rationale for the use of container-less vessels in which to effect nucleation and crystal 
growth was to provide a more homogeneous environment in which a crystal could be grown because 
there was no liquidisolid interface at the wall of the nucleation medium (ie. such as a plastic or glass 
vial). 

An application of the container-less vessel (ie. a levitated droplet) for nucleation of organic 
compounds which has received considerable attention is for protein crystallization. Again, the absence 
of an interface at the solution-container wall was believed to be of significance with respect to avoiding 
the growth of impure crystals or crystal with defects, and particularly so when the nucleation 
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experiment was performed at low temperature. The types of levitation of containerless nucleation 
media (otherwise known as levitated droplets) are acoustic, magnetic, electrostatic, optical, and 
combinations thereof. Most of these types of levitation have been studied with respect to their utility in 
forming crystals of organic compounds. 

4.1 Study of ion-molecule reactions in the gas phase 

The relevance of this set of literature in this application is that a tremendous quantity of 
research has been performed on gas-phase ion-molecule reactions. This body of work has clearly 
shown that ions act as nuclei for the clustering and growth of aggregates. The structure of these 
clusters could be of relevance with respect to the nanoscopic nuclei that ultimately grow into crystals, 
and moreover, gas-phase ion-molecule reactions are widely acknowledged as experiments that provide 
snapshots of ion solvation in the (liquid) condensed phase. Though in these studies the aggregates are 
themselves isolated in the gas phase, the aggregate itself could or could not be in a solid or liquid form 
depending on the temperature of the aggregate. 

The scope of ion-molecule reactions is enormous, and those studies span atomic ions and 
molecular ions as the charge center onto which molecules and atoms cluster around. [10] This work has 
now extended into the gas phase acid-base properties of proteins. [11] Synthetic diamond crystal 
growth is described as the formation of a 13 -Carbon center using chemical vapor deposition technology 
to form C" in the gas phase that then causes nucleation of carbon as diamond, rather than the more 
thermodynamically stable graphite form. [12, 13] 

Ion-molecule clustering and nucleation has been observed for decades in the gas phase, yet 
analogous experiments which involve ions clustering phenomena in the condensed phase of a medium 
that has net charge have not been performed. A condensed phase medium that has net charge may 
mimic the net charge on a gas phase ion. However, condensed phase media in which the mass-to- 
charge ratio of that medium was adjusted has not been demonstrated or reported in the literature as an 
experimental variable that influences nucleation in the condensed phase. This is significant because in 
essentially all condensed phase media in which nucleation has been studied, regardless of the 
abundance of charged species present in such media, those media had an overall net electrical charge of 
zero (ie. the nucleation media were neutral). At the very least, nucleation in the condensed phase in a 
medium that has net excess charge has not yet been reported in peer-reviewed journals, and that is in 
our opinion, remarkable. 

Recent observations in the Agnes laboratory suggest that the net excess charge in a nucleation 
medium (ie. the 'charge 1 in the mass-to-charge of a nucleation medium) is an experimentally accessible 
variable that affects the magnitude of the barrier for nucleation. This possibility is described in section 
5.1 

4.2 Studies of nucleation in condensed phase media that did have net charge 

Note, as delineated in section 4. 1 above, it is important to differentiate experiments performed 
in the Agnes group in which the mass-to-charge of the condensed phase medium was adjusted as an 
experimental variable affecting nucleation versus the studies summarized here in section 4.2. The 
studies summarized here were focussed on nucleation and were performed in media that had net excess 
charge (ie. droplets with net excess charge that were levitated in air or vacuum), [14] but significantly, 
the possibility that the net charge (and thus the mass-to-charge ratio) of the nucleation medium could 
influence nucleation or crystal growth was not mentioned, nor was it demonstrated. 

The literature summarized here used the same basic apparatus for droplet levitation as the 
Agnes group (ie. an electrodynamic balance). One of the experimental variables studied for nucleation 
was the effect of supercooling the nucleation medium, [15, 16] and the properties of the droplet-air 
interface was speculated to be an important consideration for the initiation of nucleation. [17] A study 
of optical levitation of a nucleation medium that was cooled has also been reported. [18] 
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A single manuscript was found in which the title ! An investigation of solute nucleation in 
levitated solution droplets 1 , actually mentioned nucleation and levitated droplet. [19] That manuscript 
dealt with the determination of critical supersaturation for the nucleation of NaCl and NH4SO4 systems, 
which is a process believed to be important in tropospheric aerosols. However, there is no mention of 
variation of the net charge of the nucleation medium, nor the mass-to-charge ratio of the nucleation 
medium, which was a levitated droplet. As an another example of the literature from the atmospheric 
community regarding the transition from liquid phase to solid phase in aerosols, the Leisner group has 
published several reports on the nucleation of atmospherically relevant compounds in levitated 
droplets. [20, 21] Still others use the electrodynamic balance to study reactions at the particle-air 
interface (ie. heterogeneous reactions), [17, 22-34] and phase transfer and freezing processes. [18, 20, 
35, 36] The motivation for conducting many of these studies was the hypothesis that reactions at the 
droplet/particle-air interface are of primary relevance with respect to understanding the science of the 
troposphere and stratosphere. 

Other reports of chemistry in levitated droplets range from simple acid-base reaction in a 
picoliter vessel, [37] to reactions that were photochemically initiated. [38-42] Optical levitation has 
also been used to study similar reactions. Cederfelt and co-workers described the charge limit for a 
droplet in which NaCl could be crystallized in a levitated droplet. [43] Basically, they were interested 
in determining the maximum net charge that could be contained in a droplet which dried to a solid 
residue of NaCl without the droplet undergoing a Coulomb explosion. Coulomb explosion is a process 
by which a droplet with net charge fragments because the repulsive force of its net charge exceeds the 
attractive force of the droplet, which is a function of the droplet's surface tension and radius. [44-46] 
There was no mention in the Cederfelt and co-worker manuscript of a change in the nucleation rate or 
abundance of nucleation sites as a function of net charge (likely because they were nucleating NaCl 
which is arguably the easiest compound to form crystals of). 

In related studies that are of direct relevance to Coulomb explosion, the charge loss from single 
levitated droplets has been described in a number of manuscripts in recent years. [45-52] The process of 
a droplet with net charge releasing some of that charge (ie. Coulomb explosion) has received 
considerable attention because of the introduction of Electrospray Mass Spectrometry for the 
characterization of biomacromolecules by John Fenn. [53-55] Interestingly, a charged cluster, which is 
a collection of molecules together with one or more ions that is viewed as being an entity intermediate 
between the gas and condensed phases, can be produced in abundance in an Electrospray. [56-77] The 
propensity to produce charged clusters in an Electrospray has been recently exploited by Fernandez de 
la Mora in his experiments that involved studies of neutral molecule clustering around small charged 
clusters. [78, 79] Again, this is reminiscent of the classic gas-phase ion molecule clustering studies 
summarized in section 4.1. Protein clusters produced by an Electrospray have also been observed in 
the gas phase[80-83] and also after their deposition onto a surface. [84] 

4.3 Protein Crystallization in Levitated Droplets 

Though not a defining characteristic of the experimental techniques of this group, many studies 
have used acoustic levitation to suspend droplets in air in which protein crystallization was studied. [85- 
87] One of the investigators, Staffan Nilsson, in this group is known by us to be currently active. 
Nilsson has claimed that his technique is of general utility because his methodology allows for 
experiments to be designed to learn of the optimal conditions in which nucleation is initiated while, 
importantly, each one of his experiments consumes only picoliters of sample solution. [88-90] A 
company in San Diego has also described a similar approach, with respect to the consumption of only 
picoliters of sample solution per experiment. [91] This company did not utilize levitation, but they were 
using similar droplet generators (ie. ink-jet style droplet-on-demand generators) and that was the 
foundation for their automation of the experimentation work needed to define optimal conditions for 
protein crystallization. [91] Of potential interest is the Nilsson group has an article that, as of Dec. 9, 
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2003, was listed on the articles ASAP webpage of the ACS journal Analytical Chemistry in which the 
partitioning of a compound between two liquids that were immiscible and contained in an acoustically 
levitated droplet is described. 

Other groups have used a combination of acoustic and electrostatic forces to levitate a droplet, 
and in some reports, deliberately caused the levitated droplet to rotate slowly in an effort to simulate a 
space environment (ie. the condition of microgravity) while proteins were allowed to crystallize. [92- 
98] Chung and co-workers have described at length how the net elementary charge in their levitated 
droplets was restricted to the surface of the levitated droplet. [93 -95] To them, this was an important 
feature of their nucleation medium because they felt that a homogeneous interior 1 volume of the 
droplet, and specifically that its net neutral charge was an important factor in allowing proteins to 
nucleate, and then grow into crystals. These authors described the volume of liquid surrounding the 
homogeneous interior 1 as containing the net charge in the droplet. These authors gave the impression 
that the electric field on the surface of the levitated droplet (due to the net excess charge carried by the 
droplet) would (or could?) interfere with protein crystallization. We speculate that the mass-to-charge 
ratio of the droplets levitated using a combination of acoustic and electric forces in the studies by 
Chung and co-workers were, based on our work discussed in section 5, well above the threshold 
necessary to observe effects on the nucleation of a solute. 

Another set of groups have been using optical trapping and its forces to promote crystal growth, 
and they can also transfer those crystals to a growth solution (ie. seeding). [99] Other groups are simply 
using the intense electric fields of a focused laser beam to induce nucleation. [100-103] There is one 
report of the use of laser ablation for crystal growth, and that report was applied to diamond 
growth. [104] 

Of possible relevance to the crystallization of proteins are the types of interactions between 
proteins and various substrates. Theories of protein crystal growth are now emerging in which a 
protein, charged because its functional groups are protonated or deprotonated (ie. -NH 2 OR -COOH 
respectively) at the condition of the nucleation medium being studied, require the co-precipitation of 
counter-ions in the growing crystal to maintain near-zero, or zero, electrical neutrality in the 
crystal. [105] The electrical considerations of protein crystal growth have also begun to be explored in 
both experiment and theory. [106-109] Electrostatic forces in crystal alignment have been characterized 
for liquid crystals[110] and micro-ion disposition,[lll] These findings could be of relevance to protein 
crystal growth. 

A well-known phenomenon that deserves mention here is that the interaction of intact cells 
with substrates has been studied in detail. Most studies have concluded that electrostatic interactions, 
at least for cell-substrate interactions, are important. [112-1 17] The sorption of organic compounds 
onto inorganic compounds has also be studied extensively, [118, 119] and the study of the range of 
chemical reactions catalyzed on such surfaces remains an active area of research. [120-130] A related 
discipline is biomineralization, which involves the use of organic compounds such as proteins to 
promote or catalyze the formation of solids of inorganic compounds. 

5.0 EXPERIMENTAL AND RESULTS 

The following description of experimental details and experimental results is presented in two 
parts. The first part (section 5.1) describes an observation regarding the nucleation of an organic 
compound in a levitated droplet, and the reproduction of that observation that led to the realization that 
the mass-to-charge ratio of the nucleation medium, a levitated droplet in this work, influences the 
nucleation of a solute. The second part (section 5.2) describes the measurements of droplet mass and 
net charge, and the filtering of droplets with net charge (ie. the nucleation vessels in the work described 
in section 5.1) as a function of their mass-to-charge ratio. Section 5.2 has its own experimental and 
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results sections because that work was performed independently of the work from section 5.1. The 
third part (section 5.3) describes the effect of allowing a droplet dispensed from a micropipette to be 
deposited on to a biased plate. 

5.1 Nucleation Studies of dissolved solids in levitated droplets with net charge 

5.1.1 Experimental Apparatus and General Procedure for Levitation of Droplets with Net Charge 

The platform for droplet levitation used in the Agnes group has been described in the literature 
and in an earlier published patent application (Figure 2).[1, 131] 

The experiment begins with the preparation of a starting solution that is loaded into a 
commercially available droplet generator (Microfab, Piano, TX, USA). This droplet generator is an 
ink-jet style, droplet-on-demand generator that requires as little as 2 \xL of starting solution to function. 
An induction electrode placed near the orifice of the droplet generator, and the DC potential applied to 
that electrode, is used in conjunction with the time-dependent waveform applied to the droplet 
generator to make a droplet that has mass and net charge. The induction electrode was made of copper, 
and it was disk shaped with a 4 mm diameter hole cut in its center. The droplet generator nozzle was 
centered over the hole in the induction electrode and the vertical separation between the nozzle and the 
induction electrode was -2 mm. Unless otherwise stated, the induction potential was + or - 50 V 
relative to ground potential. 

Note, the droplet generator is analogous to an ink-jet printer head, and the details of how it was 
used in this work are as follows. Each droplet was generated by applying a time-dependent waveform 
to ah annular shaped piezoelectric crystal bonded to the outside of the glass capillary of the droplet 
generator. The size of the piezoelectric crystal change and the time dependence of that crystal size 
change effected by the amplitude and temporal characteristics of the AC waveform respectively, create 
a pressure wave inside the glass capillary of the droplet generator. In turn, that pressure wave forces a 
volume of liquid out of the nozzle of the droplet generator. While that volume of liquid is emerging 
from the nozzle, it takes on the form of a jet, and the DC potential applied to the induction electrode 
induces a net charge onto that jet of liquid such that when the momentum imparted into the jet causes 
that jet to separate from the nozzle and the jet collapses into a droplet, that droplet has a net charge. 
The droplet generator is positioned such that each droplet flies into the center of an electrodynamic 
balance (EDB), where it can be trapped and levitated provided the electric field and the droplet f s mass- 
to-charge are appropriate. 

Immediately upon formation of the droplet, the solvents in that droplet begin to evaporate. One 
or more of the solvents in the droplet are of low viscosity and high vapor pressure. These solvents 
rapidly evaporate, typically within seconds after formation of the droplet. This solvent evaporation is 
occurring while the droplet flies to the EDB and continues while it is levitated in the EDB. The 
starting solutions used in this work incorporated glycerol at a few percent by volume. Glycerol is a 
solvent of high viscosity and low vapor pressure to avoid Coulomb explosion and enable droplet 
lifetimes on the order of hours (though the droplet were often levitated for only a few minutes). The 
physical and chemical description of the levitated droplet after the rapid evaporation of its volatile 
solvents is a function of the starting solution composition, the conditions used for droplet generation, 
whether or not Coulomb explosion occurred, and the environmental conditions such as temperature and 
humidity in the chamber in which levitation was being performed. We will refer to the levitated 
droplet at this time in the experiment as a residue, in the sense that its composition, though known, is at 
this stage quite different than the composition of the starting solution. 

Following a period of levitation which can range from a few milliseconds to hours, the droplet 
residue is deposited onto a substrate remote from the EDB by adjustment of the electric field in the 
EDB. At this point in an experiment, we are able to characterize the composition of the deposited 
droplet residue for solids using instrumental techniques. This entire procedure which has been 
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described in serial (ie. creation, Ievitation, and deposition of a droplet) can be made parallel with 
respect to a sequential and rapid injection of multiple droplets into the EDB, levitating all of them for 
the duration of a pre-determined levitation period and then causing their sequential deposition. 
Furthermore, multiple droplet residues levitated in the EDB can be co-deposited onto a single location 
on a target, or deposited individually, wherein each droplet could be caused to deposit at a different 
location on the target to form an array of deposited droplet residues. 

5.1.2 Example of the Composition of a Starting Solution for a Nucleation Study 

The starting solution, defined in this document as a solution loaded into the droplet generator, 
was typically prepared by mixing several volumes of different stock solutions together. Stock solutions 
were used because one or more of the solutes required dissolution in a particular solvent. 

An example of a starting solution with a total volume of 400 \i\ was prepared by the addition of; 

i) 60 nL of a solution containing 20 % glycerol to distilled deionized water by volume 

ii) 40 jjL of acetone 

iii) 40 pL of a solution saturated in a-cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v 
acetonitrile:0.1% TFA in distilled deionized water 

iv) 180 jxL of acetonitrile 

v) 80 \£L of distilled deionized water 

Another example of a starting solution that contained a different volume of the saturated solution of 
CHCA was prepared as follows; 

i) 60 pL of a solution containing 20 % glycerol to distilled deionized water by volume 

ii) 40 |iL of acetone 

iii) [40 + (x)] pJL of a solution saturated in a-cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v 
acetonitrile:0. 1% TFA in distilled deionized water 

iv) [180 - (0.5 x)] nL of acetonitrile 

v) [80 - (0.5 x)] jiL of distilled deionized water 

5.1.3 Results concerning the nucleation of CHCA as a function of the mass-to-charge of the levitated 
droplet 

Example 1 

• The number and type of solids in the residues of levitated droplets that had been produced 
. using a positive induction potential (/. e. the droplets had net negative charge) has been observed to vary 
with the magnitude of the DC potential applied to the induction electrode. The results of this 
experiment in which the only variable was the DC potential applied to the induction electrode are 
presented in Table 1 . (Because this was one of the first reproducible observations of dissolved solids 
forming in levitated droplet residues as a function of the levitated droplet's mass-to-charge ratio, we 
had not yet introduced segregation of aggregates versus crystals, nor the size of the solids in the data 
set in Table 1. This data set refers to the CHCA that had precipitated simply as solids.) 

A single waveform was used to generate the droplets produced in this work, and thus the 
nominal mass of each of the droplets in this work was unchanged within experimental error. Thus the 
change in the induction potential caused a change in the droplet mass-to-charge ratio. 

The composition of the starting solution, total volume - 200 jxL, was: i) 30 jliL of a solution 
containing 20 % glycerol to distilled deionized water by volume, ii) 50 jjL of a solution saturated in a- 
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cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v acetonitrile:0.1% TFA in distilled deionized 
water, iii) 120 jxL of distilled deionized water 

The data in Table 1 indicate that there was an increase in the number of solids present in the 
residues as a function of the DC potential applied to the induction electrode at the time of formation of 
the droplets. A higher DC induction potential resulted in a more CHCA solids in the residues of the 
levitated droplets. 

Example 2 

• Another nucleation experiment was performed as shown in Figure 3 . 

In Figure 3, three pictures of sample residues of levitated glycerol droplets are shown. Each of 
those residues was created from a single starting solution (total volume = 400 \xL) that consisted of i) 
60 yxL of a solution containing 20 % glycerol to distilled deionized water by volume, ii) 40 jiL of 
acetone, iii) 100 \xL of a solution saturated in a-cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v 
acetonitrile:0. 1% TFA in distilled deionized water, iv) 150 (iL of acetonitrile, and v) 50 jxL of distilled 
deionized water. During any one experiment, each droplet was generated from this starting solution 
using the same waveform applied to the droplet generator. This ensured that within experimental error, 
the size of all droplets at the instant they were formed were similar. The variable in this experiment 
was the amplitude of the DC potential applied to the induction electrode. (As a result of levitating 
droplets whose mass-to-charge ratio was different, the amplitude of the AC waveform applied to the 
ring electrode and the amplitude of the DC potential applied to the target (ie. the deposition plate) were 
different. There is the possibility that these two factors influence the nucleation of a solid in the 
levitated droplet, rather than the mass-to-charge of the droplet alone influencing the nucleation of a 
solid.) 

The levitated droplet residues were each deposited after a levitation period of -3-5 minutes in 
this experiment. (At this time, we have not repeated these experiments at shorter levitation periods to 
learn whether the CHCA nucleation occurred before the volatile solvent evaporated, or after.) The 
pictures clearly show that the nucleation barrier was affected (ie. reduced) when the induction potential 
was raised. The black appearance of globular shaped aggregates are apparent in Figure 3B, whereas 
sharp edged nuclei that are apparent in Figure 3C are whiter and clearer relative to the solids in Figure 
3B. 

The number of crystals, and the size of those crystals, from 18 different droplets at each of the 
induction potentials 100, 150, and 200 V were characterised using an optical microscope (Figure 4). 
Again, the number of small crystals in the levitated droplets increased with an increase in the induction 
potential. We believe that the cause of the increased nucleation was the increased net charge per 
droplet. In the generation of droplets of similar size, an increase in the induction potential lowers the 
droplet mass-to-charge ratio. The higher net charge in a levitated droplet is believed to cause a 
reduction on the magnitude of the barrier for nucleation of a dissolved solid in that droplet. 

Within the crystal growing community, it is known that the fall description of the state of a 
system should include an electrostatic term, but because crystallisation has almost always performed 
within a net neutral solution; the electrostatic term is very often simply neglected as an experimental 
variable. We believe that the use of net charge has not yet been recognised as a controllable variable in 
the nucleation of a solute in the condensed phase. That statement is not true in the gas phase as 
numerous ion-molecule reactions have shown how ions act as heterogeneous nuclei onto which neutral 
compounds condense and cluster around. [10] Moreover, the synthetic growth of diamond is because 
gaseous carbon atoms with a negative charge are formed in a chemical vapour deposition process. [12, 
13] We believe that our work is the first to demonstrate charge-induced nucleation in the (liquid) 
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condensed phase for organic compounds. In our laboratory, experiments are on-going to further 
characterize this charge-induced nucleation phenomenon, including identification of the rate of 
nucleation, the effect of different polarity of net elementary charge, the range of mass-to-charge and 
types of organic compounds for which this phenomenon applies, etc. 

Example 3 

• A nucleation experiment was conducted used a starting solution that was composed of i) 60 
liL of a solution containing 20 % glycerol to distilled deionized water by volume, ii) 40 \xL of acetone, 
iii) 100 jxL of a solution saturated in oc-cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v 
acetonitrile:0.1% TFA in distilled deionized water, iv) 150 of acetonitrile, and v) 50 jxL of distilled 
deionized water. 

This experiment had two main purposes. First to study the effect of crystallization in the 
droplets that contain a net positive charge instead of negative, and to have a better understanding of the 
morphological details of the crystal surface that were apparent using the optical microscope in the 
Agnes laboratory. From previous results, it was learned that droplets that had been collected on a glass 
slide which made all the solids appear dark (and resembled coffee beans in appearance) which made it 
relatively difficult to discern their surface characteristics. Hence, it was decided to collect the droplets 
on a stainless steel MALDI plate that was chrome plated. The surface of this plate had been machined 
flat and polished, but because of routine use and abuse the plate actually used was scratched. Crystals 
within the residues of the droplets deposited from the EDB appeared more shiny and defined under the 
microscope. However, the small crystals that were observable when the droplets had been deposited 
onto a glass cover sip, were not observable on the stainless steel plate, possibly because there was not 
sufficient light available to illuminate the solids sufficiently to allow viewing of the smaller crystals. 
The crystals observed in the deposited droplet residues, and segregated according to their size are 
presented in Table 2. 

The data presented in Table 2 provide clear evidence that higher relative DC potentials applied 
to the induction electrode cause the formation of a larger number of crystals relative to when a lower 
DC potential is used. This experiment was informative to the authors because this was the first time 
that the number of crystals of CHCA formed were classified according to their size (refer to Figure 4). 
The large solids, whose size was in the range >3.5 \xm in diameter) had an undefined variable shape 
that appeared to be aggregates, and their surfaces did not shine. The solids whose size was in the range 
1.0-3.5 (im in diameter were, in contrast, non-globular in appearance and their surfaces were smoother 
than the larger solids; these medium size solids appeared more transparent and were likely crystals. 
The smallest solids observed, <1.0 jam in diameter, are believed to be crystals of CHCA. 

Example 4 

• The objective of this experiment was to grow a large crystal of CHCA. To this point in our 
studies, we had shown how the mass-to-charge ratio of the nucleation vessel can be used to 
preferentially form crystals of CHCA, rather than aggregates. In this example, we studied the potential 
to grow a single large crystal in a nucleation vessel that was prepared with a mass-to-charge ratio that 
was in the range in which CHCA nuclei were previously observed to readily form. The levitation 
period of the nucleation vessel was extended so that the kinetics of crystal growth was not a limiting 
factor in this experiment. 

The starting solution used in this experiment was comprised of; i) 60 of a solution 
containing 20 % glycerol to distilled deionized water by volume, ii) 40 pL of acetone, iii) 40 \xL of a 
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solution saturated in ot-cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v acetonitrile:0.1% TFA in 
distilled deionized water, iv) 180 jliL of acetonitrile, and v) 80 \xL of distilled deionized water. 

6 droplets were created with the induction potential set at +80V. +80 V is a relatively low 
induction potential, and mass-to-charge ratio of these nucleation vessels were relatively high, and thus 
we did not expect to observe CHCA nuclei in this trial. 3 of these droplets were levitated for 3 minutes 
before being deposited, and the remaining three were levitated for a total of 12 minutes before they 
were deposited. No solids (ie. no nuclei, aggregates or crystals) were observed in the residues of any of 
these droplets. 

Next, 8 droplets were created at +180 V. +180 V is a relatively high induction potential, so the 
mass-to-charge ratio of these nucleation vessels was relatively low, and thus we did expect to observe 
CHCA nuclei in this trial. 4 of these droplets were levitated for 3 minutes, and the remaining 4 
droplets were levitated for a total of 12 minutes before they were deposited. No nuclei, aggregates, or 
crystals were observed within the residues of the 4 droplets levitated for 3 minutes. In one of the 
droplet residues that had been levitated for 12 minutes, there was a crystal that had a length of 21 fim 
(Figure 5). In the remaining three droplets that had been levitated for 12 minutes, no solids were 
observed. 

Example 5 

• A further experiment was conducted to test the hypothesis that nuclei versus aggregation of 
CHCA could be unambiguously controlled by setting the mass-to-charge ratio of the nucleation vessel. 
Thus, the hypothesis was that the barrier for nucleation of crystals versus aggregates can be reduced in 
nucleation vessels that have a low mass-to-charge ratio. 

The starting solution was prepared by the addition of: i) 60 of a solution containing 20 % 
glycerol to distilled deionized water by volume, ii) 40 jliL of acetone, iii) 40 of a solution saturated 
in a-cyano-4-hydroxycinnamic acid (CHCA) in 50:50 v:v acetonitrile:0.1% TFA in distilled deionized 
water, iv) 180 [xL of acetonitrile, v) 80 \xL of distilled deionized water. 

The solids observed in the levitated droplet residues were classified as aggregates or nuclei. 
The nuclei were further differentiated by size and three size ranges were used.. Large (>3.5 \xm in 
diameter), medium (1.0-3.5 Jim in diameter), and small (<1.0 jim in diameter) (Table 3). When solids 
were formed in these levitated droplets, only aggregates were observed in the droplets that were formed 
using an induction potential of 100 V (ie. relatively high mass-to-charge ratio for the nucleation 
vessel), but in contrast, only nuclei were observed in the droplets that were formed using an induction 
potential of 190 V (ie. relatively low mass-to-charge ratio for the nucleation vessel). 

Example 6 

• A further experiment was performed to test the hypothesis that nuclei formed in a nucleation 
vessel at low relative mass-to-charge could be delivered to another solution, to seed the formation of 
crystals. 

The starting solutions used for this experiment were: 
The solution used for droplet generation and subsequent levitation of droplets with net charge was 
comprised of: i) 60 jliL of a solution containing 20 % glycerol to distilled deionized water by volume, 
ii) 40 \xL of acetone, iii) 40 \xL of a solution saturated in a-cyano-4-hydroxycinnamic acid (CHCA) in 
50:50 v:v acetonitrile:0.1% TFA in distilled deionized water, iv) 180 \xL of acetonitrile, and v) 80 \£L 
of distilled deionized water. The solution pipetted directly onto the glass slide consisted of a saturated 
matrix solution of CHCA in l/l:v/v: ACN/0.1% TFA in distilled deionised H 2 0). The volume of this 
solution pipetted in each case was 50 jxL. 
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To provide a visual reference for CHCA, the solids formed from a solution simply deposited 
anto a glass cover slip are shown in Figure 6A-6C. CHCA aggregates versus the nuclei are 
differentiated in these pictures because the former appear globular and dark whereas the latter appear 
sharp edged and lighter in color. Figure 6 A shows some of the largest CHCA crystals formed when a 
10 |iL aliquot of the starting solution was pipetted onto a glass cover slip and allowed to air dry. Figure 
6B is a picture that is representative of the crystals typically observed when an aliquot of the starting 
solution is pipetted onto a glass cover slip and allowed to dry. Likewise, the picture identified as 6C 
was taken after a similar aliquot of a starting solution was delivered by pipette onto a glass cover slip 
that was tilted to cause the solution to spread as a thinner film over a larger surface area of the glass 
cover slip. 

Figure 6D was taken after yet another aliquot of the starting solution was piptetted onto a glass 
cover slip, but this time, that aliquot of solution was immediately seeded by the deposition of 3 droplets 
that had been levitated in an EDB. CHCA nuclei were likely present in one or more of those three 
droplets because they had been created using a relatively high induction potential (x V). Large CHCA 
crystals are apparent in Figure 6D as a result of this seeding by levitated droplets that contained CHCA 
nuclei. This experiment can be classified as a two-step crystal design experiment, wherein the 'primary 
nucleation vessel 1 could be optimized for the formation of small nuclei of a dissolved solid (ie. tuning 
of the chemical and physical description of a levitated droplet), and 'second nucleation vessel 1 that is 
seeded with nuclei could be optimized for crystal growth. 



5.2 Measurement of Droplet Mass and Net Charge 

5.2.1 Overview 

The capability to process compounds in levitated droplets with net charge, such as promoting or 
catalyzing the nucleation of dissolved solids contained within them was introduced in section 5.1 In 
this section, we describe how droplets with net charge levitated in an EDB can be filtered according to 
the mass-to-charge ratio of the droplets. This section also delineates our measurements of the actual 
mass and net charge in individual droplets. 

Wall-less sample preparation (WaSP) methodology is built around an electrodynamic balance 
(EDB), a device that uses AC and DC potentials applied to electrodes to trap charged droplets/particles 
at atmospheric pressure. Here, the ability of WaSP to preferentially eject specific particles was 
investigated with a focus on the effect of the mass-to-charge ratio (m/z) of the charged particles. 
Charged glycerol-based droplet residues on the order of 10 n to 10 12 amu carrying 6xl0 5 to 6xl0 6 net 
excess charges (polarity: + or -), or 2xl0 6 to 2xl0 7 amu/e, were studied using the current electrode 
setup. Charged droplets of varied sizes were created and their net excess charge and masses measured 
using an electrometer and a radiochemical method based on liquid scintillation, respectively. Using 
these standardized charged glycerol droplets, a series of experiments were performed on pairs of 
droplets of differing m/z trapped in an EDB that showed droplets were ejected from the EDB in order 
of highest to lowest m/z. This capability will be useful in studies investigating the chemistry of 
droplets/particles based on their m/z. 

5.2.2 Introduction 

One of the first, and most celebrated, experiments based on single particles was the Millikan oil 
drop experiment, performed in 1909. [132, 133] By partially suspending single charged oil droplets in a 
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DC field, Millikan was able to determine the charge of an electron, an experiment for which he was 
awarded the Nobel prize. Later modification of the experimental apparatus by Wolfgang Paul to 
include AC fields to trap ions under vacuum led to the development of modern quadrupolar field-based 
mass spectrometers, and another Nobel prize. [134] The Paul trap technology has since been extended 
to the trapping of more massive particles by suitable adjustment of the frequencies and amplitudes of 
the potentials applied to the electrodes of these devices. This resulted in the development of the 
electrodynamic balance for single aerosol particle characterization. This latter technology has been 
widely applied to the study of the physical characteristics of single levitated droplets/particles, such as 
evaporation, charge, and condensation processes. [135-137] Efforts to probe the chemistry occurring in 
these levitated particles has lead to elegant laser-based probing methods revealing real-time chemical 
reaction information relevant to atmospheric processes. [30] This sequence of . developments 
demonstrates how important the invention of new technology for manipulation of single particles is to 
increasing the understanding of their chemistry and physics. 

Recent work in our group has focused on the development of new methodology based on the 
electrodynamic manipulation of charged droplets in an EDB that facilitates a large variety of 
experiments to be performed. By converting one of the EDB electrodes into a target plate, a procedure 
for ejecting single droplets and collecting them at known locations (± 5 \xm) on the target plate for 
subsequent analysis was developed[l] (Figure 7). This approach, termed wall-less sample preparation 
(WaSP), provides access to a diverse set of new experiments based on the electrodynamic manipulation 
of particles because analysis is not performed during levitation. This enables a myriad of techniques to 
be used for particle characterization as well as characterization of the impact of the particle on the 
target onto which it was deposited. Our first efforts involving this technology have focused on its use 
as a sample preparation device for matrix-assisted laser desorption/ionization (MALDI) because WaSP 
has the potential to create sample spots small enough to lower the absolute detection limits achieved by 
this widely applied "soft" ionization source. [131] More recently, we have applied WaSP to probe 
multi-phase heterogeneous reactions on single aerosol particles and to investigate the partitioning of an 
organic chromophore within single levitated particles. [9] 

Here, using WaSP we investigate the characteristics of the trajectory manipulations of different 
m/z droplets and demonstrate that droplets are ejected from the EDB in order of highest to lowest m/z. 
We describe procedures for filtering single particles from populations of up to 50 trapped 
simultaneously in the EDB as well as the generation of a stream of discrete single particles of a single 
m/z. 

Note that the terms droplet and particle are typically used interchangeably with reference to 
aerosols levitated in an EDB. The term particle has a broader context including both the solid and 
liquid aerosols whereas the term droplet is reserved specifically for liquid aerosol particles. 
Furthermore, the prefix micro- is sometimes added to emphasize the |im-size diameters of the aerosol 
particles however, for the remainder of the manuscript, we will exclude this prefix because all the 
particles we work with have jim-sized dimensions. 

5.2.3 Experimental 

Charged Droplet Dispensing All charged droplets studied in this manuscript were prepared 
using a piezoelectric droplet-on-demand dispenser (Microfab Technologies Ltd., Piano Texas), fitted 
with a 60 \im diameter orifice.[138] Methanol or aqueous solutions containing 0.8 to 8.0 % glycerol 
were loaded into the - 2 \\L internal reservoir of the droplet dispenser using a 10 \xL automatic pipette. 
Droplet formation and charging characteristics are described in detail in the results and discussion 
section. The charge carried by single droplets was measured by delivering the droplets to a stainless 
steel plate connected to an electrometer (6517a, Keithley Instruments). A Faraday cage was required to 
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reduce the background level so that the small charges (femtoCoulomb) carried by each of the droplets 
could be measured. 

Droplet Levitation The EDB used for WaSP has been described in detail earlier and consisted 
of two copper wire (0.9 mm diameter) rings (2 cm diameter) mounted parallel at a separation distance 
of 6 mm.[l] The amplitude of the 60 Hz AC potential applied to the ring electrodes (AQrap), in phase, 
ranged from 500 to 2,700 Vo.p. The vertical positions of droplets in the EDB were manipulated by the 
DC potentials applied to the induction electrode and the MALDI plate. Droplets levitated in the EDB 
were illuminated via forward scattering by a 4 mW green HeNe laser (Uniphase model 1676, Manteca, 
California). Images of levitated droplets were collected by focusing a digital camera through a 
microscope objective to the center of the ring electrodes. Note that to minimize the disturbance of the 
trajectories of levitated droplets, the droplet generator, the ring electrodes of the EDB, and the target 
plate were enclosed in a plexiglass chamber to eliminate excessive air flow (Figure 7). 

Liquid Scintillation Single droplets were dispensed directly into liquid scintillation vials 
using time dependent waveforms applied to the piezoceramic droplet dispenser. 2 mL of scintillation 
cocktail (Amersham Biosciences) was added to the scintillation vial that was then vortexed for 30 
seconds. Scintillation is the name given to the detection of fluorescence emission from a compound 
that was itself excited into an electronic state above the ground state by the absorption of an 
thermalized electron,and the thermalized electron was the result of quenching a hot electron generated 
by a nuclear decay event. The detection of the fluorescence emission originating in the scintillation 
vial enables quantitative measurement of the total number of radionuclides in the scintillation vial 

All activity measurements from single droplets and stock solutions were performed using a 
liquid scintillation counter (LKB Wallac 1217 RackBeta, Fisher Scientific, Montreal, Quebec). Each 
measurement had an integration time of 10 minutes. Working with 32 P requires many safety 
precautions including the use of plexiglass shielding, a Geiger-Mueller counter, and swipe tests in the 
working area to monitor for possible spills. Mike Bogan performed these experiments after having 
received training on the safe handling and disposal of radionuclides. 

5.2.4 Results 

In order to demonstrate the charged droplet filtering capabilities of WaSP we must first 
establish a reproducible method for creating standard charged droplets of known mix. Droplets 
composed of a low volatility solute such as glycerol have long been the vehicle of choice by which 
studies and modifications of the EDB itself have been performed so we elected to follow this 
precedent. 

To create the glycerol droplets, a solution of 3% glycerol in methanol was loaded into the 
droplet dispenser's internal reservoir (Figure 2). After applying a potential to the piezoceramic (10-75 
V), a droplet was dispensed because the cylindrical piezoceramic reduced its dimensions, constricted 
the glass sample reservoir and ejected a droplet from the 60 |im orifice at its tip. This commercially 
available droplet dispensing device was not modified in any way. However, for the dispensed droplets 
to be levitated in an EDB they must carry net excess charge. An electrode (induction) was positioned 3 
mm from the orifice of the droplet dispenser (Figure 8) and by varying the DC potential applied to it 
(D?f, the induction potential during droplet formation), the net excess charge carried by the droplets was 
controlled. The induction electrode had a 2 mm orifice positioned directly in line with the droplet 
dispenser's orifice so that the droplet was delivered through it towards the EDB. 

To measure the net excess charge induced into the single dispensed droplets by the induction 
electrode, each droplet was captured on a stainless steel plate. Upon impact of the droplet, the charge 
delivered to the plate was measured using an electrometer with femtoCoulomb (fC) sensitivity. The 
charge on single droplets prepared with ±10 Vo.p (the minimum required to create a droplet) applied to 
the piezoceramic in the droplet dispenser delivered too little charge to be measured one at a time so 100 
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iroplets were dispensed at 100 Hz. The total charge delivered was measured and divided by 100 to 
calculate the average charge carried by single droplets. This experiment was repeated 20 times (2000 
droplets) for four different IPf. Figure 3 A shows that the average droplet charge increased linearly as 
EPf was increased from 100 to 250 V. Recall that the charge carried by the droplets was actually 
negative because a positive IPf was used. 

To investigate the reproducibility of single droplet charging, the amplitude applied to the 
piezoceramic in the droplet dispenser was increased (±30 Vo-p) to create larger droplets. This enabled 
the measurement of the charge carried by single droplets because the droplets were bigger (see mass 
measurements below) and thus carried more charge. At a fixed EPf, twenty droplets dispensed at 0.5 Hz 
and the total charge delivered to the plate was measured after each single droplet impacted with the 
plate. By repeating this experiment for BP f set at 9 different values (25, 50, 75, 100, 125, 150, 175, 200, 
225 V), droplet charging was deemed reproducible by the linearity of the plot of the total charge 
delivered as a function of the number of droplets dispensed (Figure 3B, note scale difference relative to 
Figure 3 A). Overall, the data in Figure 9, and similar experiments performed during our studies, show 
that the charge carried by the droplets was controllable by varying IPf and the values varied between 5 
to 1000 fC per droplet. This corresponds to S.lxlO 4 to 6.3xl0 6 net excess elementary charges per 
droplet. 

To calculate the m/z of the droplets created, we must also know the mass of the droplets. A 
radiochemical method was used to measure the volume of droplets as a function of amplitude applied 
to the piezoceramic in the droplet dispenser, allowing us to calculate the mass of the droplets. A 100 

\xL solution of 3.7 MBq 32 P labelled orthophosphate in a mixture containing 89.2 % water, 10 % 
methanol, and 0.8 % glycerol was prepared. By depositing single droplets into liquid scintillation vials 
and comparing the number of Becquerels measured from them relative to the number measured from a 

L000±0.005 jxL aliquot of the P in glycerol stock solution, we could determine the volume of the 
single droplet delivered. 

The average activity measured from the single droplets was 0.026±0.001% that measured from 
the 1.000 |liL sample so the average initial droplet volume was 2.6x10 +1x10" jjL or 260 ± 10 pL. 
The solution loaded into the droplet dispenser to create the droplets contained 0.8 % glycerol by 
volume so the initial droplets dispensed contained 2 pL of glycerol. When the droplets are levitated in 
the EDB, volatile solvents rapidly evaporate to leave behind a droplet residue composed of essentially 
100 % glycerol. (Corrections to account for the water in the droplet that does vary with the relative 
humidity of the air in the levitation chamber were made subsequently to these calculations). Therefore, 
the final droplet volume was -2 pL. By assuming that the droplet was 100 % glycerol and using the 
density of glycerol (1.259 g/ml), the mass of the levitated droplets on average was calculated to be 
2.5xl0* 9 g. Converting this to atomic mass units (u), the droplets were 1.5xl0 15 u. Recalling that the 
glycerol droplets carried charges ranging from 5 to 1000 fC, the m/z of the levitated droplets ranged 
from 9.6xl0 S to 2.0xlO u u/e. 

Droplets of many different compositions can be prepared using WaSP so it is useful to look at 
the effect of composition on their m/z. If the percent glycerol in the starting solution was changed to 8 
%, the final levitated droplet residue would have a volume of -21 pL, thereby increasing the mass (and 
m/z) by 20 times. We have successfully levitated droplets created from solutions containing a percent 
glycerol by volume of 0.8 to 10 %, creating final levitated droplets of lxlO 15 to 20xl0 15 u. We have 
also shown that the charge carried by the droplets can also be varied from 10 4 to 10 6 e. By combining 
the control of the mass and charge of the glycerol droplets, a wide variety of possible experimental 
scenarios has been established. Note that these values are many orders of magnitude greater than the 
typical m/z of ions measured in a quadrupole ion trap mass spectrometer. This characteristic will prove 
valuable in creating unique applications for this technology in the future. 
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Now, using the standardized charged glycerol droplets, experiments designed to elucidate 
whether WaSP could be used to filter the droplets based on their m/z were performed. The general 
experimental approach was to trap two droplets simultaneously that were created with high m/z and 
one low m/z relative to each other. By measuring the DC potential applied to the target plate used to 
eject each droplet, the filtering capabilities of WaSP could be evaluated. An important factor in this 
experimentation was differentiating between the high and low m/z droplets once trapped. To do this, 
both high m/z (IPf = 50 V) and low m/z (IPf = 100 V) droplets were levitated alone (AQrap = 1600 V 0 -p) 
and their respective trajectories were compared. Once trapped, the low m/z droplet immediately 
adopted a trajectory elongated along the z-axis whereas the high m/z droplet was more focused towards 
the null point (the center of the EDB). When levitated simultaneously, the high and low m/z droplets 
adopted trajectories similar to when they were levitated alone so this property was used to identify 
them (Figure 10A). The images in Figure 10 were collected using a digital camera focussed through a 
microscope. What was actually photographed was the forward scattering of the green light from the 
HeNe laser used to illuminate the droplets. When imaged, the droplets did not look like single points 
because they oscillated at 60 Hz, the frequency of AQrap applied to the ring electrodes (observed at the 
top and bottom of the images in Figure 10). The shutter speed on the digital camera was not fast 
enough to capture the droplets in a single spot so the average integrated trajectory of many oscillations 
of the droplet was captured. This same principle applies to the images in Figure 1 demonstrating the 
trajectory manipulations of the population of levitated droplets. 

To levitate both high and low m/z droplets simultaneously, AQrap was set to 1 600 V o-p, a high 
m/z droplet was levitated, and then a low m/z droplet was injected in to the EDB. Attempts to reverse 
the order of injection resulted in failure to capture the high m/z droplet. When AQrap was decreased to 
1000 Vo-p, the trajectory of the low m/z droplet became focused towards the null point, whereas the 
trajectory of the high m/z droplet moved closer to the induction electrode (Figure 10B). Next, the DC 
potential applied to the induction electrode was changed to 100 V. The target plate potential was 
slowly increased until a single droplet was ejected from the EDB and deposited on the target plate (this 
value was designated the deposition potential, DP). In all iterations of the experiment the high m/z 
droplet was deposited first. The lower m/z droplet was deposited when the potential applied to the 
target plate was further increased. This procedure was repeated for droplets created at IPf = 50 V and 
IPf = 150 V, although in this variation of the experiment a larger ACtrap (2150 V 0 -p) was required to trap 
the two droplets. 

Table 4 summarizes the DP measured for each droplet in a series of droplet pairs whose relative 
m/z varied. Each value in the table is the average of the values measured for five separate pairs of 
droplets and the errors indicate the magnitude of one standard deviation. Pairs of droplets created at 
identical IPf (identical m/z) were ejected from the EDB at the same DP, within experimental error. 
Notice, however, that the second droplet deposited always required a slightly higher average DP. With 
droplets created at different IPf (different m/z), the droplet with the highest m/z was always deposited 
first. A higher AQ rap was required to trap the lower m/z droplets so the DP of a droplet that was 
created with IP f = 50 V and trapped with the droplet created with IPf = 100 V was lower than when it 
was trapped with a droplet created with IPf « 150 V. This was a direct example of the effect of AQrap 
on DP we have observed in the past. Overall, the preferential ejection of the highest m/z droplet upon 
increase of the target plate potential indicated that m/z was a factor in ejection order and hence the 
EDB essentially acted as a mass filter for the charged droplets. 

There are two ways that WaSP could be used to filter droplets. The first would be to trap a 
population of droplets, anywhere from 1-50 droplets, in the EDB. Then, single droplets can be ejected 
from the balance onto a target based on their m/z, while the remaining droplets remain trapped. If 
desired, this stably levitated population could then be exposed to gas-phase reactants to modify their 
chemistry before their ejection, enabling experimental determination of their environment on the ability 
to identify them. The second approach would be to set up the EDB to act as a bandpass filter, allowing 
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only a certain range of m/z to pass through it, automatically ejecting the droplets in less than 500 ms> 
This method would be useful for rapidly sorting of droplets based on their m/z. 

During the development of these modes of operation we used a translatable collection plate to 
make the demonstration clearer. In the first mode, the delayed ejection mode (Figure 11, mode 1), one 
droplet at a time was ejected from a population of droplets trapped in the EDB by using an attractive 
potential applied to the target plate. The position of the target plate relative to the EDB was changed in 
between each droplet ejection event, thereby creating an array of deposited droplets. Alternatively, a 
rapid ejection mode was developed (Figure 1 1, mode 2). Single droplets were created (IPf = 20 V) at a 
frequency of 1 Hz while AQmp - 2700 V with the potential applied to the collection plate set at 200 V. 
This caused each droplet to be briefly trapped in the EDB, allowing the methanol to evaporate. In <1 s 
each droplet escaped the electric field of the EDB and was ejected along the z axis at x — y = 0. By 
moving the collection plate between each droplet generation event, an array of deposited droplets was 
formed. The accuracy of droplet deposition using both methods, partially limited by the manual 
micrometer translation of the collection plate, has been measured by comparing the final position of the 
deposited droplets with their expected positions, yielding an average variation of ± 5 \im. [131] The 
flexibility of this basic procedure could be significantly expanded by introducing computerized control 
of the collection plate translation and the potentials applied to the EDB electrodes, all synchronized to 
the droplet generation event. 

There are several aspects of WaSP charged droplet filtering that make it very flexible with 
respect to the types of application for which it could be used. First of all, the droplets that are filtered 
by WaSP are created from a starting solution of choice, therefore putting very little limitation on the 
potential analytes studied, such as single bacteria or synthetic inorganic particles. Next, the m/z of the 
droplets does not have to fit within the range that was demonstrated in this manuscript. By changing 
the characteristics of the electric field, WaSP can be easily modified to filter alternate m/z's. The 
source of the charged particles is also not limited to strictly charged droplet dispensers. Experiments 
are planned to explore the applicability of WaSP to fitter atmospheric particles using alternate charging 
mechanisms. Lastly, the target for particle collection is not limited to a stainless steel plate. We have 
also delivered particles onto populations of cells on a glass slide and into the orifice of a mass 
spectrometer. 

Overall, the flexibility of this charged particle filtering methodology based on WaSP has proven 
valuable in the development of such applications as the preparation of |im-sized sample spots for 
MALDI-TOF-MS and the study of multi-phase heterogeneous reactions on single aerosol particles. 
Some other potential applications of an using an EDB as a particle filter include: (1) a delivery module 
for a bioaerosol mass spectrometer attempting to detect single cells, bacteria, or viruses, (2) isolation of 
inorganic particles for subsequent studies based on their m/z, (3) an aerosol particle sorting mechanism, 
(4) a tool for performing studies of aerosol particle reactivity or nucleation capabilities based on their 
m/z, or (5) the single particle dosing of cell populations for medical research. 



5.3 The effect of a charged MALDI plate on CHCA crystallization and ion production 

The rationale for performing the experiments described in this section was to ascertain that the 
potential applied to the plate being used as the target for deposition of a levitated droplet/particle was 
not influencing the results. 

In section 5.1, the nucleation of CHCA was described as being influenced by the mass-to- 
charge of the nucleation vessel. However, in all of those experiments, the extent of nucleation was not 
measured in situ (ie. in the levitated droplet) but rather only after the levitated droplet had been 
deposited on a target. The target was either a stainless steel plate to which a potential was applied to 
attract the levitated droplet or a glass cover slip positioned on top of the stainless steel plate to which a 
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potential was applied. To eliminate the possibility that the desposition of the droplet from the EDB 
onto a substrate was responsible for the observations made in section 5.1, we proceeded to pipette an 
aliquot of a stock solution onto a biased stainless steel plate. Note that in these experiments, even 
though the plate is charged, the droplet deposited onto it remained net neutral because within the 
droplet a double layer would be established immediately upon contact with the plate. So, even though 
the actual material deposited onto a plate in this section was a neutral droplet, arid thus different from 
the deposition of a droplet with net charge, the effect of the deposition onto a biased plate on the 
nucleation of the dissolved solids was the objective of this section. In other words, the hypothesis was, 
does the drying of a droplet on a biased plate affect crystal formation and growth, and does that in turn 
affect signal-to-noise ratio (S/N) of the analytes contained in the droplet? 

A stock solution of 10 pmoV\x\ of renin was prepared in distilled deionized water with 0.1 % 
trifluoroacetic acid. The MALDI matrix a-cyano-4-hydroxycinnamic acid (CHCA) was prepared at 10 
mg/ml in 50:50 methanol: acetic acid. 10 jxl of each solution was mixed in a microcentrifuge tube and 
vortexed. The MALDI plate was connected to a DC power supply of +500 V. Four 1 |il aliquots were 
deposited on to the MALDI plate as four discrete sample spots and allowed to air dry for 15 minutes. 
The MALDI plate was then grounded and four more 1 jul aliquots were deposited onto the MALDI 
plate and allowed to air dry for 15 minutes. Images of the sample spots were collected through an 
optical microscope at 4 and 10 times magnification (Figure 12). Mass spectra were then collected on a 
MALDI-TOF-MS in reflectron mode (M@,LDI -LR. Waters Technologies Inc., Manchester, U.K.). 
The mass spectrometer was programmed to collect 10 mass spectra, comprised by the average of 10 
laser shots, at 10 random positions within each sample spot at a fixed laser intensity. This procedure 
was repeated for five different laser intensities ranging from below to above the threshold required for 
ionization of the renin, the results of which are presented in Figure 13. 

The plate onto which the sample was aliquotted using a micropipette was biased to 1000 V, and 
the experiment repeated. The analysis of the data acquired using MALDI-ToF-MS of the sample 
materials prepared on a grounded plate and a plate biased to 1000 V during the period that the droplets 
dried are presented in Figure 14. 

Examination of the data presented in Figure 12, 13, and 14 indicate that the potential of the 
plate on which a droplet dries does affect the appearance of the crystals that result. This observation 
could be of use for crystal growth. However, the S/N of the analyte in the droplets is not significantly 
different from that obtained when a droplet is dried on a grounded plate. 



6,0 POTENTIAL AREAS OF APPLICATION 

• Control of the mass-to-charge of a nucleation vessel to assist in the nucleation and growth of crystals 
of dissolved solids. A dissolved solid could be any organic or inorganic compound, or any 
combinations thereof. 

• Control of the mass-to-charge of a nucleation vessel to form nuclei which can then be used to seed a 
second nucleation vessel that has optimal conditions for crystal growth. 

• Control of the mass-to-charge and chemical composition of a nucleation vessel to assist in the 
nucleation and growth of crystals of proteins. Specifically, the nucleation vessel that a has mass-to- 
charge can be further optimized through the use of, for example, various solvents which may or may 
not be miscible, another solute that can form nuclei, buffers. 

• If droplets whose m/z spanned a range, then in a single experiment, the optimal m/z could be 
deduced via the ejection of the droplets onto a target {ie. a substrate such as a glass cover slip) that was 
held stationary during the deposition. By placing the ring electrodes at a small angle relative to the 
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surface of the target, it has been confirmed that droplets with different m/z can be deposited onto 
different regions of the target. 

• Control the co-crystallization (rather than co-precipitation which implies aggregation) of a dissolved 
solid with a matrix for MALDI. Homogeneous co-crystallization could yield improved analytical 
performance of MALDI-TOF-MS when used to characterize sample materials. 

6.1 Illustration of how this invention could be applied to the growth of crystals of a MALDI 
matrix within which an analyte compound co-precipitates. 

Prior work from other groups has indicated that homogeneous co-crystallization of a solute with 
a matrix compound is a key criteria for obtaining good signal-to-noise (S/N) ratio for the analyte when 
characterized using MALDI-ToF-MS.[139] Furthermore, the quality of the crystals of a matrix that 
form on a surface has been characterized as heterogeneous. [140, 141] This body of information 
suggests that there is a need for methodology that enables for the formation of good quality crystals 
within which there is an analyte distributed homogeneously within that crystal in order to realize 
adequate analytical performance, such as analyte S/N, when characterized by MALDI-ToF-MS. 

Several sets of experiments were performed in which droplets were created using different 
induction potentials. Each experiment was performed with a starting solution prepared daily with the 
following composition: 40 jliL Acetone, 100 nL of a CHCA solution that was originally prepared by 
mixing 1:1 v:v acetonitrile:0.1% TFA in distilled deionized FfeO, 60 piL of water/glycerol solution that 
was originally prepared by mixing 1:4 glycerol:distilled deionized H2O, 50 \xL of ACTH solution with 
a concentration of 10 jjM which makes the final concentration in the solution used for levitation 1 pM, 
and 150 |nL Acetonitrile (ACTH = Adrenocorticotropic Hormone, Fragment 18-39). All droplets were 
levitated for a period of 5 minutes prior to their deposition onto a substrate remote from the EDB. The 
substrate was a stainless steel MALDI plate in this work. 

The MALDI plate was then inserted into MALDI-ToF-MS (model Voyager, Perseptive 
Biosysems, MA) and the levitated droplet residues targeted by the laser and the mass spectra obtained 
are displayed in Figure 15-18. 

Based on the data presented in these figures, the utility of a high induction potential during the 
droplet formation results in an improved S/N ratio for an analyte compound in the starting solution. 

7.0 SUMMARY 

We can exploit the mass-to-charge ratio of a volume of liquid, such as a droplet with net charge, 
to effect nucleation of its solutes, either organic, inorganic, or any combination thereof In general, we 
can process compounds differently through changes in the mass-to-charge ratio of the droplet, or more 
generally, a vessel. The volume of liquid could also be a localized region in a conducting, semi- 
conducting, or non-conducting capillary, and one possible capillary could be a quartz or plastic or glass 
micro-machined or pull capillary. An important feature is that the charge-induced nucleation is being 
performed in the condensed phase (liquid phase). The droplet can be levitated or trapped using 
electrical, magnetic, acoustic, optical, or any combination thereof. Through controlled manipulation of 
the droplet mass-to-charge ratio, the rate of nucleation in the levitated droplet can be adjusted. Possible 
applications include seeding of a vessel with a crystal grown in a levitated droplet to effect crystal 
growth, enhancement of the rate of crystal nucleation and formation for organic compounds, and 
formation of small crystals in which organic or inorganic compounds, or any combination thereof, are 
co-crystallized. 
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8.6 LIST OF TABLES 



Table 1. Results of the first experiment that unambiguously identified the droplet's mass-to-charge 
ratio as the experimental variable that was responsible for influencing the number of nuclei in a 
levitated droplet, residue. The number of precipitates observed per droplet residue is indicated, but not 
that there was no differentiation between nuclei versus aggregates in this data set 
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Table 2. The numbers of precipitates in each glycerol droplet are summarized in this table. Droplets 
were levitated under 100 and 180 V. There were 44 replicates performed using an induction potential 
of -100 V, and 8 replicates performed using an induction potential of -180 V. The crystals sizes 
observed were categorized as either >3.5 jam in diameter or 1.0-3.5 \xm in diameter. 
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Table 3. Nuclei (either 1.0-3,5 pirn in diameter or <L0 jam in diameter) versus aggregates (agg) 
in levitated droplets as a function of the induction potential, either 100 or 190 V, used to induce net 
charge during the formation of each droplet. The number of replicates performed with an induction 
potential of 100 V and 190 V was 12 and 6 respectively. 
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rable 4. The DC potential applied to the MALDI plate required to eject each droplet of a pair of 
Iroplets created with varied induction electrode potentials. 



Induction potential applied Potential applied to 

during droplet formation (IPe), volts target plate (DP), volts 

1* 2™* 1* 2^ ADP 

Identical m/z pairs 50* 50° 58.6 ±0.5 58.9 ±0.3 0.3 ±0.6 

100 a 100 a 66.8 ±1.9 69.1 ±3.5 2.3 ±4.0 

150 b 150 b 91.7 ±3.0 95.8 ±4.7 4.1 ±4.9 

50 b 50 b 75.2 ±0.9 76.3 ±1.7 1.1 ±2.3 

Different m/z pairs 50 a 100 tt 61.0 ±1.0 72.0 ±1.7 11 ±2.0 

5(? 150^ 75.4 ±1.7 99.6 ±0.7 24.2 ±2.2 

1600 Vo_ P . 5 (b) AC trap = 2150 Vo-p. 
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Figure 4. Number of nucleation crystals of CHCA (= a-cyano-4-hydroxycinnamic acid) in 
levitated glycerol residues as a function of the DC potential applied to the induction electrode. The 
residues of the levitated droplets were viewed using an optical microscope and the number of 
nucleation sites counted manually. The legend indicates the three symbols used to plot the number of 
crystals within each of the size ranges (diameter of crystal) counted in each droplet. 
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Figure 5. Picture of a glycerol droplet residue in which there was a single crystal of CHCA. 
length of the crystal was 21 \im. 
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See text for details. 
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Figure 7. Wall-less Sample Preparation: the use of an electrodynamic balance to prepare and 
deliver |am-sized charged droplets to a target for subsequent analysis. 
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Figure 8. Apparatus for creating standard glycerol droplets carrying net excess charge. 
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Figure 10, Digital images of pairs of glycerol droplets levitated in the EDB while the DC potential 
applied to the induction electrode was maintained at 100 V while AQrap was set to (A) 1600 Vo-p and 
(B) 1000 Vo-p. Droplet 1 was created with a higher rn/z relative to droplet 2 by applying an EPf of 50 V 
and 100 V, respectively. Also included is a depiction of the experimental apparatus to aid in the 
orientation and conditions under which the images were collected. 
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Figure 11. Illustration of the steps defining the two modes of operation of the WaSP-based charged 
particle filtering device for single particle delivery to a target. 
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Figure 12. Eight MALDI sample spots created by depositing 4 aliquots of 1 ul CHCA/renin 
mixture (see text for details, section 5.3) onto the MALDI plate (A-D) grounded and (E-H) at +500 V 
DC. The white box denotes the area of each sample spot that was magnified to 10 times (bottom rows 
of images). 
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Figure 13. The total renin ion count (the sum of all ion intensity from 1760-1767 Da) measured 
from the sample spots prepared with a grounded and +500 V DC MALDI plate during crystallization. 
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Figure 14. The effect of a DC potential applied to the MALDI plate during matrix crystallization on 
the ion intensity. Eight 1 |jL aliquots of (A) a cytochrome C/sinapinic acid mixture or (B) a renin/a- 
cyano-4-hydroxycinnamic acid mixture were deposited onto a MALDI plate that was grounded (open 
circles) or had +5000 V DC applied to it (filled squares). Each data point represents the average of 800 
laser shots collected as sets of 10 shots on 10 random positions for each of the eight sample spots. 
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Figure 15. MALDI-ToF-MS spectra of ACTH from sets of 10 droplets, each created at 1 Hz using 
an induction potential of 100 or 200 V, and levitated in an EDB for 5 minutes. Each spectrum is the 
average of 8 laser shots acquired using a laser power setting of 4.47x1 0" 4 J/shot. The spectrum 
identified by 'sweet spot* is SFIVs terminology for what appeared to be rather good looking CHCA 
crystals in the residues of droplets that had been created at 100 V. 
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Figure 16. MALDI-ToF-MS spectra of ACTH from sets of 10 droplets, each created at 1 Hz using 
an induction potential of 90 or 170 V, and levitated in an EDB for 5 minutes. Each spectrum is the 
average of laser shot numbers 1-32, acquired using a laser power setting of 4.47X10" 4 J/shot. 
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Figure 17. MALDI-ToF-MS spectra of ACTH from sets of 10 droplets, each created at 1 Hz using 
an induction potential of 90, 120, or 170 V, and levitated in an EDB for 5 minutes. The spectra are (A) 
the average of laser shot numbers 1-32, and (B) the average of laser shot numbers 33-64. All spectra 
were acquired using a laser power setting of 4.47x10 J/shot. 
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Figure 18. MALDI-ToF-MS spectra of ACTH from sets of 10 droplets, each created at 1 Hz using 
an induction potential of 90, 100, 160, or 170 V, and levitated in an EDB for 5 minutes. The spectra 
are (A) the average of laser shot numbers 1-32, and (B) the average of laser shot numbers 33-64, and 
(C) the average of laser shots 65-98. The spectra were acquired using a laser power setting of (A) 
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IxlO" 4 J/shot, <B) 4.47X10" 4 J/shot, and (C) 3.31X10" 4 J/shot. 
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